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The Story of Stone Soup 

Some travelers come to a village, carrying nothing more than an empty 
pot. Upon their arrival, the villagers are unwilling to share any of their 
food stores with the hungry travelers. The travelers fill the pot with 
water, drop a large stone in it, and place it over a fire in the village 
square. One of the villagers becomes curious and asks what they are 
doing. The travelers answer that they are making "stone soup", which 
tastes wonderful, although it still needs a little bit of garnish to improve 
the flavor, which they are missing. The villager doesn't mind parting 
with just a little bit to help them out, so it gets added to the soup. 
Another villager walks by, inquiring about the pot, and the travelers 
again mention their stone soup which hasn't reached its full potential 
yet. The villager hands them a little bit of seasoning to help them out. 
More and more villagers walk by, each adding another ingredient. 
Finally, a delicious and nourishing pot of soup is enjoyed by all. 

"Stone Soup" is a Grimm Brothers fable. Source: Wikipedia 
http://en.wikipedia.org/wiki/Stone soup 

^ Texas 
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Discrete Transistor Review 



Bipolar Transistors: NPN & PNP 

Depletion Mode JFETs: N-Channel & P-Channel 

Enhancement Mode MOSFETs: N-Channel & P-Channel 
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NPN Bipolar Transistor 



NPN Transistor 



Vcc 10 — 



I 



lb 43.174682uA 



Vc5 — 



I 



Vbe 682.531 834mV 




hf e (beta) = current gain = Ic/lb 
hf e (beta) =4.31 7mA/ 43.1 7uA = 100 
Vbe = 0.682V 



Vce 5.682532V 




le 4.360643mA 



Bipolar.tsc 



NPN Transistor: 
Current Controlled Device 
Ic = lb • hfe 
le = lb + Ic 

Vbe = +0.7V typically 
Vce = Positive 

BV(BR)ceo = Collector Emitter Breakdown Voltage, Base Open 
Choose = 2x collector supply voltage minimum 

BV(BR)ebo = Emitter Base Breakdown Voltage, Collector Open 
Typically 5V to 7V 

Prevent reverse voltage > BV(BR)ebo 
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PNP Bipolar Transistor 



PNP Transistor 



Vcc 10 



Vbe -707.388023mV 
R3 100k 



le 4.335538mA 



Vc 5 — 



I 




hf e (beta) = current gain = Ic/lb 
hfe (beta) = 4.329mA / 42.9uA = 100 
Vbe = -0.7072V 



Vce -5.707388V 



lb -42.9261 2uA 



AM3 4.292612mA 



R4 1k 







e 






- c 


p 




Vbe 






le 








h * f 














Vce 








lb V 














Ic 




( 


\ > 


* + 




c 





PNP Transistor: 
Current Controlled Device 
Ic = lb • hfe 
le = lb + Ic 

Vbe = -0.7V typically 
Vce = Negative 

BV(BR)ceo = Collector Emitter Breakdow n Voltage, Base Open 
Choose = 2x collector supply voltage minimum 

BV(BR)ebo = Emitter Base Breakdow n Voltage, Collector Open 

Typically -5V to -7V 

Prevent reverse voltage > BV(BR)ebo 
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N-Channel Depletion Mode JFET 



f ! i> imA -* Ux'iis of pinch-i>ir vjilncs 



Obtnic 
Region 




S;itur;ilii>ii key inn 



— 

1(1 



V a$ - V 

^ j- 



V GS = -\ V 



■ 5 

V fl (for l/. v = d Vt 



— i— 

20 



^ - 



!',,-, = - 4 V=Vfr 

1 "[ 

25 %?(V) 



Ohmic Region = Triode Region 
Saturation Region = Rnch-off Region 




rWil 

NJfet.tsc 
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N-Channel Depletion Mode JFET: Vgs = OV 



N-Channel Depletion Mode JFET 
Voltage Controlled Device 

Vgs_of f = Negative Voltage 
Vgs_on = OV 

Idss = Drain Saturation Current 

Vgd must be negative to keep reverse biased 

Id is proportional to Vgs and Vds 
Id = Is (Current flow from Id to Is) 
lg = 0A 

Vp = Negative for N-Channel JFET 

Vp = Pinch-of f Voltage w hich determines either: 

Triode Region (ohmic): Vp < Vgs < OV, Vds < Vgs-Vp 

Saturation (pinch-off) Region: Vp < Vgs < OV, Vds > Vgs - Vp 



N-Channel Depletion Mode JFET 



♦i 



i 



Vcc4 




R1 



Idss = 3.2mA 
Vp = -2.04V 
Vgs_of f = -2.04V 



Vc1 2.04 



SW A 



Ig -4.027393pA 



A; id 3.214024mA 
[d] T1 2N3955 







■* ► 



Vc20 ± ^ 
H" Vgs OV A/J 




Vds 4V 



Is 3.214024mA 



Vgd = Gate to Drain Breakdow n Voltage 

Vgs(r) Reverse Gate to Source Breakdow n Voltage 

Usually Vgd = Vgs(r) 

Choose = 2x max voltage minimum of: 

Maximum of Drain Voltage or Gate Voltage 
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N-Channel Depletion Mode JFET: Vgs = -2.04V 



N-Channel Depletion Mode JFET 
Voltage Controlled Device 

Vgs_off = Negative Voltage 
Vgs_on = 0V 

Idss = Drain Saturation Current 

Vgd must be negative to keep reverse biased 

Id is proportional to Vgs and Vds 
Id = Is (Current flow from Id to Is) 
lg = 0A 

Vp = Negative for N-Channel JFET 

Vp = Pinch-off Voltage which determines either: 

Triode Region (ohmic): Vp < Vgs < 0V, Vds < Vgs-Vp 

Saturation (pinch-off) Region: Vp < Vgs < 0V, Vds > Vgs - Vp 

Vgd = Gate to Drain Breakdow n Voltage 

Vgs(r) Reverse Gate to Source Breakdow n Voltage 

Usually Vgd = Vgs(r) 

Choose = 2x max voltage minimum of: 

Maximum of Drain Voltage or Gate Voltage 



N-Channel Depletion Mode JFET 



♦i 



I 



Vcc4 




R1 



Idss = 3.2mA 
Vp = -2.04V 
Vgs_of f = -2.04V 



Vc1 2.04 



SW A 



Ig -8.129054pA 



A; Id 10.065238pA 
[d] T1 2N3955 



VC2 = r 

+ T" Vgs -2.04V A/j + _ 




Vds 4V 



935473pA 



Texas 

Instruments 




P-Channel Depletion Mode JFET 



7 
6 



Ohmic 
Region 



Saturation Region 




Breakdown 
region 



gs = +5 V 



'DS 



Ohmic Region = Triode Region 
Saturation Region = Rnch-off Region 




HO) 

PJfet.tsc 
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P-Channel Depletion Mode JFET: Vgs = OV 



P-Channel Depletion Mode JFET 
Voltage Controlled Device 

Vgs_off = Positive Voltage 
Vgs_on = OV 

Idss = Drain Saturation Current 

Id is proportional to Vgs and Vds 
Id = Is (Current flow from Is to Id) 
lg = 0A 

Vp = Pbsitive for P-Channel JFET 

Vp = Pinch-off Voltage which determines either: 

Triode Region (ohmic): OV < Vgs < Vp, Vds > Vgs-Vp 

Saturation (pinch-off) Region: OV < Vgs < Vp, Vds < Vgs - Vp 

Vgd = Gate to Drain Breakdow n Voltage 

Vgs(r) Reverse Gate to Source Breakdow n Voltage 

Usually Vgd = Vgs(r) 

Choose = 2x max voltage minimum of: 

Maximum of Drain Voltage or Gate Voltage 



P-Channel Depletion Mode JFET 



r 



Idss = 2.09mA 
Vp = 2.12V 
Vgs_off = 2.12V 



Vcc 2.12 

i 



R1 



2.089775mA 



Vc1 2.12 



lg 2.359555pA 



SW A 




A 











T1 2N3329 



I 



Vc20 IyT 

Vgs OV 







Vds -2.12V 



Is 2.089775mA 
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P-Channel Depletion Mode JFET: Vgs = 2.12V 



P-Channel Depletion Mode JFET 
Voltage Controlled Device 

Vgs_off = Positive Voltage 
Vgs_on = OV 

Idss = Drain Saturation Current 

Id is proportional to Vgs and Vds 
Id = Is (Current flow from Is to Id) 
lg = 0A 

Vp = Pbsitive for P-Channel JFET 

Vp = Pinch-off Voltage which determines either: 

Triode Region (ohmic): OV < Vgs < Vp, Vds > Vgs-Vp 

Saturation (pinch-off) Region: OV < Vgs < Vp, Vds < Vgs - Vp 

Vgd = Gate to Drain Breakdow n Voltage 

Vgs(r) Reverse Gate to Source Breakdow n Voltage 

Usually Vgd = Vgs(r) 

Choose = 2x max voltage minimum of: 

Maximum of Drain Voltage or Gate Voltage 



P-Channel Depletion Mode JFET 



Idss = 2.09mA 
Vp = 2.12V 
Vgs_off = 2.12V 



♦i 



Vcc 2.12 



R1 



Ig 6.8046pA 







Id 6.582734pA 



SW A 








T1 2N3329 



Vgs 2.12V 



I 








Vds -2.12V 



Is -222.3fA 
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N-Channel Enhancement Mode MOSFET: Vgs = OV 



N-Channel Enhancement Mode MOSFET 
Voltage Controlled Device 

Vgs_of f = OV 

Vgs_on = Pbsitive Voltage 

Vgs(th) = start of MOSFET turn-on 

Idss = Drain Saturation Current 

Idss = max current flow for fixed Vgs w ith varying Vds 

Id is proportional to Vgs and Vds 
Id = Is (Current flow from Is to Id) 
lg = 0A 

Vds(max) = Maximum drain to source voltage 
Choose Vds(max) =2x supply voltage 

Vgs(max) = maximum gate to source voltage 
Do not exceeed Vgs(max) or device is destroyed 

Id(max) = maximum drain current 
Choose Id(max) =2x maximum load current 



N-Channel Enhancement Mode MOSFET 



Vgs(th) =4V 
Vgs_of f = OV 



Vcc5 



R1 



Ig -2.428043E-20A 



j^J Id 2.250272uA 





Vc1 4 

I 



SW A 













*T 

Vgs OV j\AJ 



Vds 5V 



Is 2.250272uA 
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N-Channel Enhancement Mode MOSFET: Vgs = 4V 



N-Channel Enhancement Mode MOSFET 
Voltage Controlled Device 

Vgs_of f = OV 

Vgs_on = Pbsitive Voltage 

Vgs(th) = start of MOSFET turn-on 

Idss = Drain Saturation Current 

Idss = max current flow for fixed Vgs w ith varying Vds 

Id is proportional to Vgs and Vds 
Id = Is (Current flow from Is to Id) 
lg = 0A 

Vds(max) = Maximum drain to source voltage 
Choose Vds(max) =2x supply voltage 

Vgs(max) = maximum gate to source voltage 
Do not exceeed Vgs(max) or device is destroyed 

Id(max) = maximum drain current 
Choose Id(max) =2x maximum load current 



N-Channel Enhancement Mode MOSFET 



Vgs(th) =4V 
Vgs_of f = OV 



— Vcc 5 



R1 



Ig 3.995027pA I-40 



-i-i 

j^J 1 Id 574.421516mA 

■■ 



Vc1 4 



SW A 







I 



Vc2 



Vgs 4V 



s 




Vds 5V 



Is 574.421516mA 



Texas 

Instruments 




P-Channel Enhancement Mode MOSFET: Vgs = OV 



P-Channel Enhancement Mode MOSFET 
Voltage Controlled Device 

Vgs_of f = OV 

Vgs_on = Negative Voltage 

Vgs(th) = start of MOSFET turn-on 

Idss = Drain Saturation Current 

Idss = max current flow for fixed Vgs w ith varying Vds 

Id is proportional to Vgs and Vds 
Id = Is (Current flow from Is to Id) 
lg = 0A 

Vds(max) = Maximum drain to source voltage 
Choose Vds(max) =2x supply voltage 

Vgs(max) = maximum gate to source voltage 
Do not exceeed Vgs (max) or device is destroyed 

Id(max) = maximum drain current 
Choose Id(max) =2x maximum load current 



P-Channel Enhancement Mode MOSFET 



Vgs(th) =- 4V 
Vgs_of f = OV 



I 



Vcc 5 



R1 



Vc1 5 



Vgs OV (V 




SW A 



I 




-ML 

j^J 1 Is 11.261604nA 
j-g-J T2 2N6804 



V)Vds -5V 



Ig 2.817103E-17A 



Vc2 1 







i2r « 



11.261608nA 
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P-Channel Enhancement Mode MOSFET: Vgs = -4V 



P-Channel Enhancement Mode MOSFET 
Voltage Controlled Device 

Vgs_of f = OV 

Vgs_on = Negative Voltage 

Vgs(th) = start of MOSFET turn-on 

Idss = Drain Saturation Current 

Idss = max current flow for fixed Vgs w ith varying Vds 

Id is proportional to Vgs and Vds 
Id = Is (Current flow from Is to Id) 
lg = 0A 

Vds(max) = Maximum drain to source voltage 
Choose Vds(max) =2x supply voltage 

Vgs(max) = maximum gate to source voltage 
Do not exceeed Vgs (max) or device is destroyed 

Id(max) = maximum drain current 
Choose Id(max) =2x maximum load current 



P-Channel Enhancement Mode MOSFET 



Vgs(th) =- 4V 
Vgs_of f = OV 



— Vcc 5 



I 



R1 



Vc1 5 



Vgs -4V (V 




SW A 



j^J Is 227.890615mA 
|-gj T2 2N6804 



" 



lg -3.9651 15pA 



I 



Vc2 1 








V ] Vds -5V 



227.890615mA 
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Voltage-to-Currer 
Drive Circuits 
Translation Circu 
Conditioning Circ 
Comparator Circi 



Texas 
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Voltage-to-Current Circuits 



V-l High Side Referenced 
V-l Low Side Referenced 
V-l Improved Howland Current Pump 
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V-l High Side Referenced 

Given: 

PPSL (Preferred Parts Selection List) Parts: 
Overkill but we can work with them! 
MOSFETs: 



Design Goal: 

Vcc =+5V 

Vin = OV to 1 V ^ lout = to 1 00mA 
Rload = 40 ohms, Grounded Load 
1% FSR accuracy in transfer function (lout/Vin) 



Design Considerations: 

Need to Sense current in High Side 

Need to level shift Vin to control High Side Current 

Need a Power Device & RRIO op amp for sense and control 

Design Preliminary Analysis: 

Use N-Channel MOSFET for Level Shifting 

Use P-Channel MOSFET for High Side Current Control 



N-Channel Enhancement Mode MOSFET: 
IRFP440 

Vgs(th) =4Vmax 
rds(on) = 0.8 ohms 
BVdss = 500V 
ld(on) = 8.8A 



P-Channel Enhancement Mode MOSFET: 

IRFU9120 

Vgs(th) =- 4V 

rds(on) = 0.6 ohms 

BVdss = -100V 

ld(on) = 5.8A 



Vheadroom = Vcc - [lout(max) * Rload] 
1V = 5V - [100mA* 40 ohms] 

Vheadroom is all that is left for MOSFET Vds drop + High Side Current Sense Resistor Drop 
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V-l High Side Referenced: Vin = 1V ^ lout = 100mA 



Vcc |_ 



Vcc 5 -=- 



I 



U1 OPA364 



A) I Rs1+ 1.000512mA 



Voa1 4.621735V 

T1 IRFP440 




Rs1+100 

V_Rs1+ 4.899949V 
*■ U2 OPA364 



V_Rc 1.000512V 
I 



Vcc |. 



R1 10k 
J W\r 

~~ C31n 



WV 
R2 200 



Voa2 1.197884V 





A ) I Rs2+ 99.496356mA 



Rs2+1 



V_Rs2+ 4.900504V 

— c 





T2 IRFU9120 

@ Vload 3.979854V 
C 



N-Channel Enhancement Mode MOSFET: 
IRFP440 

Vgs(th) =4Vmax 
rds(on) = 0.8 ohms 
BVdss = 500V 
ld(on) = 8.8A 



Rc 1k 




Rload 40 



A) lout 99.496356mA 



OA < lout < 1 00mA 



I Rc 1.000512mA 



V_l High Side.TSC 



ld(on) = 5.8A 

Always Check Loop Gain & Compensate for Stability 



P-Channel Enhancement Mode MOSFET: 

IRFU9120 

Vgs(th) =- 4V 

rds(on) = 0.6 ohms 

BVdss = -100V 
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V-l High Side Referenced: Vin = OV -» lout = OA 



Vcc |- 



Vcc5 



1 
I 



U1 OPA364 



A) I Rs1+ 2.2491 66uA 




Voa1 9.985482mV 
T1 IRFP440 



Rsl+100 

V_Rs1+ 4.999775V 
C U2 OPA364 







"-AAA/ 



R3 200 



C2 1n 



R4 10k 
AAA^ 



V_Rc 2.2491 71 mV 
■1 




R1 10k 
AA/V 



C31n 



Vcc \ 



Voa2 4.989475V 




A J I Rs2+ 11.250093uA 



Rs2+ 1 



V_Rs2+ 4.999989V 
— C 



AAA/ \\ 

R2 200 



s 

T2 IRFU9120 

Vload 450.003432uV 
C 



N-Channel Enhancement Mode MOSFET: 
IRFP440 

Vgs(th) =4Vmax 
rds(on) = 0.8 ohms 
BVdss = 500V 
ld(on) = 8.8A 



Rc 1k 



A) LRc 2.2491 71 uA 




Rload 40 



A) but 11.250086uA 



OA < lout < 100mA 



Always Check Loop Gain & Compensate 



P-Channel Enhancement Mode MOSFET: 

IRFU9120 

Vgs(th) =- 4V 

rds(on) = 0.6 ohms 

BVdss = -100V 

ld(on)_= 5.8A 

or Stability 




V-l High Side Referenced: 
Design Details 



3) Output Current Control 
Use P-Channel MOSFET since: 
Turn off Voa2 goes to Vcc 
Turn on Voa2 can go Gnd -> 5V = Vgs 

Feedback around U2 is realtive to Vcc across Rs2+ 
Use U2 = RRIO Op Amp 

Auto-zero w ill improve accurcay due to Vos on U2 

4) Stability considerations on U1 and U2 
Both U1 and U2 need to be analyzed for stability and compensated 

5) %FSR Accuracy 

%FSR Accuray = {[lout(fs) Ideal - lout(fs) actual] / [lout(fs) Ideal]} • 100 
%FSR Accuracy = {[100mA - 99.496356ma] / [100mA]} • 100 = 0.5036% 



Design Details: 

1 ) Rs2+ Selection 

Choose Rs2+ to drop 100mV at lout=100mV 

Rs2+ = 100mV/100mA = 1ohm 

Small headroom but enough reasonable signal 

2) Level Shift: 
V_Rc = Vin 
l_RC = Vin/Rc 

l_Rc = IRs 1 + (Use MOSFET-> small error current) 
V_Rs1 + = Vcc - (l_Rs1+ • Rs1+) 

V_Rs1+ = 100mV for Vin =1V. Choose IRs1+ = 1mA at Vin =1 V 
Rs1 + = 1 00mV/1 mA = 1 0Oohm 
Rc = 1V/1mA = 1kohm 

Ensure T1 can provide Vgs(on) w ith Vcc - V_Rc(max) 
Vgs (on) = 5V -1 V = 4V -> Okay 
Use U1 = RRIO Op Amp 
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V-l Low Side Referenced 

Given: 

Design Goal: 

Vcc =+12V 

Vin = OV to 4.096V lout = to 500mA 
Rload = 20 ohms, Floating Load 
0.5% FSR accuracy in transfer function (lout/Vin) 

Design Considerations: 

Need to Sense current in Low Side 
Need to drive high current -> External Transistor 
Need RRO Op Amp, Input CM to Ground 



PPSL (Preferred Parts Selection List) Parts: 
NPN Power Transistor: 



NPN Power Transistor: 
TIP33 

V(br)ceo = 40V 
lc(continuous) = 10A 
hfe@ lc=0.5A = 100 
Vbe @ lc=0.5A = 0.65V 
Pd = 80W @ Tc=25C 
Roja = 35.7C/W 
Tj max = 150C 



Design Preliminary Analysis: 

If there is voltage headroom then: 

Use Bipolar Emitter-Follower after op amp for simplest design 

Low drop across sense resistor -> maximize headroom & minimize power dissipation 
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V-l Low Side Referenced: Vin = 4.096V lout = 500mA 



R1a261 R1b 39.7k 
rAAA VW 



Vcc 12 

Vc 99.997509mV 

U1 OF 



JJ 
I 



Vin 4.096 



0V < Vin < 4.096V 



V I Low Side.TSC 



Voa 11.320476V 
i-C 



lc 494.017895mA 



T1 TIP33 




Ve 10.098401V 
( 



V_Rs 99.9841 67mV 
( 



VM1 13.848444uV 



NPN Power Transistor: 
TIP33 

V(br)ceo = 40V 
lc(continuous) = 10A 
hfe@ lc=0.5A = 100 
Vbe @ lc=0.5A = 0.65V 
Pd = 80W @ Tc=25C 
Roja = 35.7C/W 
Tj max = 1 50C 




Rs 200m 

0.1 W resistor or larger 



A) but 499.920833mA 



OA < lout < 500mA 



Always Check Loop Gain & Compensate for Stability 
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V-l Low Side Referenced: Vin = OV -> lout = OA 



R1a261 R1b 39.7k 
r^M VA 



Vcc 12 
Vc -48.9401 54nV 

U1 OP 



I 



R2 1k 



+ 

T=" Vin 



0V < Vin < 4.096V 




Voa 5.735466mV 
r-C 



fc 40.586201 pA 




Rb20 



H& — C T1 



TIP33 



lb -5.078546pA 



Ve 707.172656pV 

— c 



Cc 100p 

Rf 10k 
-AAA/ 



Road 20 



VM1 452.711 41 1nV 



NPN Power Transistor: 


TIP33 




V(br)ceo = 40V 




lc(continuous) = 


10A 


hfe @ lc=0.5A = 


100 


Vbe @ lc=0.5A = 


= 0.65V 


Pd = 80W @ Tc= 


=25C 


Roja = 35.7C/W 




Tj max = 1 50C 





V_Rs -2.931 927pV 

— c 




Rs 200m 

0.1W resistor or larger 



A) but -14.659634pA 



OA < tout < 500mA 



Always Check Loop Gain & Compensate for Stability 
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V-l Low Side Referenced: 
Design Details 



3) Check lout Current Contorl at Max lout 
V_Rs = lout(max) • Rs = 500mA • 200mohm = 100mV 
Ve = V_Rs + lout • Rload = 100mV + 500mA. 20ohms = 10.1 V 
Assume TIP33 Vbe = 0.65V 
Assume TIP33 hf e = 1 00 -> lb = 500mA/1 00 = 5mA 
Choose Rb to add 100mV or so to headroom, Rb helps limit transient current into TI33 base 
Rb also helps isolate transistor parasitic capacitances at high frequency from op amp output 
Vdrop across Rb = 20ohms • 5mA = 0.1V 

Voa = Ve + Vbe + V_Rb = 1 0.1 V + 0.65V + 0.1 V = 1 0.85V 

OPA734 at 5mA out looks like about 0.5V sw ing to rail so w e have 0.65V margin for supply to dip 
or worst case Vbe to occur, or degradation in hfe requiring more lb thorugh Rb. 

4) %FSR Accuracy 

%FSR Accuray = {[lout(fs) Ideal - lout(fs) actual] / [lout(fs) Ideal]} • 100 
%FSR Accuracy = {[500mA - 499.920833ma] / [500mA]} • 100 = 0.0158% 
This design leaves plenty of margin for resistor tolerances. 

The auto-zero accuracy of OPA734 and the simplicity of the design minimizes errors here. 







I J OUIUUl rio 




V Rq — 1 nflmV pt Ini it — D RA 

V rio — I UUI 1 IV ell IUUL — U.On 




Help with headroom, minimze power dissipation in Rs, 


^till nooH ^innpl full qppIp 




V 1 lO — 1 \J\J\ 1 IV 1 \J . \Jr\ — C.UUI 1 vU Mill 




9\ SppIp Vin full qralp 

C- J OV-fCUO V II 1 1 UN OLrCMC 




Vc - 1 0OmV for Vin - 4 096V 

V \J — 1 \J \J 1 1 1 V 1 \J 1 VIII — i .Uvv V 




1 nad Vin w ith 1 imA at full ^ppIp 

Lvdvji v iii vv in i \j m iii u \ a l i mn ouuiu 




do - Vr/f) 1 mA - 1 nf)mV/f) 1 mA - 

1 \C— — V \jI \J . 1 1 1 l# \ — 1 UUI 1 IV / \J . Ill l#V — 


1 knhm 

1 T\\J 1 1 1 1 1 


R1 - R1a + R1h 

III — 1 l 1 d nr 1 1 1 kJ 




0.1mA = Vin/ (R1 + R2) 




0.1mA =4.096 /(R1 +1k)->R1 = 


39.960kohm 


Use standard values: 




R1a = 261 ohms 




R1b = 39.7kohms 
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V-l Improved Howland Current Pump 

Given: 



PPSL (Preferred Parts Selection List) Parts: 
OPA569 Power Op Amp 



Design Goal: 

Vcc =+5V 

Vin = OV to 500mV lout = to 500mA 
Rload = 8 ohms, Grounded Load 
1% FSR accuracy in transfer function (lout/Vin) 

Design Considerations: 

Need to Sense current in High Side 
Need to drive high current -> Power Op Amp? 
Need RRO Op Amp, Input CM to Ground 

Design Preliminary Analysis: 

If there is voltage headroom then: 
Power Op Amp offers single IC solution 

Low drop across sense resistor -> maximize headroom & minimize power dissipation 



OPA569 Row er Op Amp: 
2.7V to 5.5V supply 
Input voltage range includes Vcc & Gnd 
2A Output Current Capability 
+/-300mV sw ing from rail at +/-2A out 
Input Offset Voltage = +/-2mV max 
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V-l Improved Howland Current Pump 



Rl 1k 

A/W 



RF5k 

AA/Vn 



VM100m 



RZ1k 

AA/V 



VP 2Dn 




VL 




A) il 



RX5k 

A/W 



o 

_i 

DC 



IL:= 





RX 


( RF > 


RS 




RF 


f RX 






VP- 




— + 1 


+ — 


- VM- 




+ 


1 






RZ 


Iri ) 


RZ 




RI 


^RZ 


J 





RS 
RL 



1 + 



V 



RX^ f RS + RX ^ 



rz ; 



RF 
RI 



•RL 





RT can be used to increase the effective output impedance of the Current Source BUT 
care must be taken to always ensure more feedback to the -input of the op amp than 
to the +input of the op amp as net positive feedback = INSTABILITY !! 
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V-l Improved Howland Current Pump 



Set RX=RF and RZ=RI and move all tolerances to worst case for accuracy analysis 



RT 
n i 


RF 

nr 


RY 


Rl 


R7 


R«5 


Rl 


II 




V Ks 


AM1 Spn^itivitv 


Pnrnmontc 

VsUI 1 II 1 Id 1 lO 


2 858407 


5000 


5000 


1000 


1000 

I V/V/V/ 


5 


10 

1 V/ 


1 00000052 


1 000000100 

■ .V/V/V/V/V/V/ ■ VS VS 


1 500667000 


000000000 


Rt pHiii^tpH fnr IHppI II 
i it amj uoicu iui i vj ocii 1 1— 





5000 


5000 


1000 


1000 


5 


10 


0.099866893 


0.998668931 


1.498669000 


0.133158931 


Rt=0, Nominal Values 


2.858407 


5050 


5000 


1000 


1000 


5 


10 


0.102371216 


1.023712000 


1 .536255000 


-2.371162767 


1 % Resistor Changes 


2.858407 


5000 


5050 


1000 


1000 


5 


10 


0.098700599 


0.987005991 


1.481159000 


1 .299452324 


1% Resistor Changes 


2.858407 


5000 


5000 


1010 


1000 


5 


10 


0.097727653 


0.977276527 


1 .466563000 


2.272397818 


1% Resistor Changes 


2.858407 


5000 


5000 


1000 


1010 


5 


10 


0.101353602 


1.013536000 


1.520981000 


-1.353549296 


1% Resistor Changes 


2.858407 


5000 


5000 


1000 


1000 


5.05 


10 


0.099009365 


0.990094651 


1 .490756000 


0.990686485 


1% Resistor Changes 


2.858407 


5000 


5000 


1000 


1000 


5 


10.1 


0.099999329 


1 .009993000 


1.510665000 


0.000723 


1% Resistor Changes 





























5050 


4950 


990 


1010 


4.95 


10 


0.108995522 


1.089955000 


1.630222000 


-8.995465322 


1% Worst Case w/RT=0) 


2.858407 


5050 


4950 


990 


1010 


4.95 


10 


0.109152449 


1.091524000 


1.632570000 


-9.152392241 


1% Worst Case w/RT=Nom) 



1% Resistors (w/RT=0) could yield 9% Accuracy at T=25°C 
0.1% Resistors (w/RT=0) could yield 0.9% Accuracy at T=25°C 

Still useful for V-l control in Motors, Valves, TECs, LEDs, etc 
Other system feedback re-adjusts VM or VP for final results 
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V-l Improved Howland Current Pump 



IL:= 





RX 


f RF > 


RS" 




RF 


( RX 






VP- 




— + 1 


+ — 


- VM- 




+ 


1 






RZ 




RZ 




RI 




) 





RS 
RL 



r 



1 + 



RXA ^RS + RX^i 



V 



RZ J 



+ 



V 



RZ 



J 



RF 
RI 



RL 



VP- 



IL := 



7 RF^ 
1 + — 

.1 RiJ 



+ 



RS 
RF 



f RF ^ 
— + 1 

Ui ) 



•VM 



RS- 



RI RL^ 



( 

1 + — + — 
^ RF RFy 



Set RX=RF and RZ=RI 



Assume: 

RF = RX 
RI = RZ 
RF»RS 
RF»RL 



(VP- VM) 



IL:= 



RF 
RI 



RS 



Input Voltage Is Gained up 
and Differentially forced 
across RS 
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V-l Improved Howland Current Pump: 
Vin = 500mV, lout = 500mA 



SW-SPST1 



Vcc h 



Ros 20M 
— VA 



\ 



Rl 49.9k 
■AAA/ 



Rl 49.9k 
i — V\A — 



Vin 500m" 



0V < Vin<500mV 



lis 



Howland. tsc 



Vm 3.421328V 



RF 10k 
AAA — 




Voa 4.106949V 



V RS 100.1 8091 2mV 



Vcc 5 



+ ^ 






En 

• 1 


+ 









RS 200m 
— 'WV 
0.1W resistor 



I 



RF 10k 
AAA — 



OPA569 Power Op Amp: 

2.7V to 5.5V supply 

Input voltage range includes Vcc & Gnd 

2A Output Current Capability 

+/-300mV sw ing from rail at +/-2A out 

Input Offset Voltage = +/-2mV max 



-C VL 4.006768V 



Rload 8 



lout 500.846014mA 



0V < lout < 500mA 



Always Check Loop Gain & Compensate for Stability 
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V-l Improved Howland Current Pump: Vin = OV, lout 
OA 



SW-SPST1 



Vcc h 



Ros 20M 
-^WV 



\ 



n. 



Rl 49.9k 
■AAA/ 



Rl 49.9k 
i — — 



Vin t 



OV < Vin < 500mV 



Vm 675.029386uV 
i-C 

RF 10k 
V\A, 




761.1 61 426uV 



V 



RS 



18.56733uV 



RS 200m 
— VW> 



Vcc 5 — 



+ 40, 






En 


+ 


• 1 







0.1 W resistor 



I 



RF 10k 
-AAA/ — 



OPA569 Power Op Amp: 

2.7V to 5.5V supply 

Input voltage range includes Vcc & Gnd 

2A Output Current Capability 

+/-300mV sw ing from rail at +/-2A out 

Input Offset Voltage = +/-2mV max 



-C VL 742.594096uV 



Rload 8 



<6T 



lout 92.824262uA 



0V < lout < 500mA 



Always Check Loop Gain & Compensate for Stability 
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V-l Improved Howland Current Pump 
Vin = OV, lout = OA (modified) 



SW-SPST1 



Vcc h 



Ros 20 M 
^WV 



Vm 2.081 893mV 



Add Ros to force Vm > 2mV (worst case Vos) to 
drive Voa as low as possible when Vin = 0V 



Rl 49.9k 
-AAA/ 



RF 10k 
AAA — 



Rl 49.9k 
i — V\A/ — 



VinO 



0V < Vin < 500mV 




15.515232nV 



V_RS 376.332996pV 

+/ 



RS 200m 
— VW 



Vcc 5 



+ m — 






En 


+ 


• 1 







0.1W resistor 



I 



RF 10k 



< VL 15.138899nV 



Rload 8 



lout 1.892362nA 



0V < lout < 500mA 



OPA569 Pow er Op Amp: 

2.7V to 5.5V supply 

Input voltage range includes Vcc & Gnd 

2A Output Current Capability 

+/-300mV sw ing from rail at +/-2A out 

Input Offset Voltage = +/-2mV max 



Always Check Loop Gain & Compensate for Stability 
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Drive Circuits 



Bridge-Tied-Load (BTL) 
Parallel Op Amps 

High Current Cascade Reference Buffer 
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Bridge-Tied-Load (BTL) 



Vo_Master = (Vcc/2) +Vin 



Vo_Slave = (Vcc/2) -Vin 




R4 10k 
-AAAr- 



< 



Vo Master 



D- 

Vo Slave 



Rload 100 



R3 10k 
■AA/V- 



\ Vcc 



Vcc5 




Vcc/2 2.5 



Vcc/2 2.5 



1 



SEB8 Ef 



BTL General. TSC 



BTL - Across Rload: 

1 ) Double the Slew Rate of each Op Amp 

2) Positive & Negative Voltages from Single Supply 

3) For AC Signals 2x Peak-Peak Output Voltage 

4) Vout / Vin Gain = 2x 



Always Check Loop Gain & Compensate for Stability 
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Bridge-Tied-Load (BTL): Vout = OV 



BTL Ideal Voltages: 
Vin referenced to Vcc/2 



Vin 


Vo_Master 


Vo_Slave 


Vout 


2.5V 


5V 


OV 


+5V 


OV 


2.5V 


2.5V 


OV 


-2.5V 


OV 


5V 


-5V 



Vo_Master = (Vcc/2) +Vin 



Vo_Slave = (Vcc/2) -Vin 



Vc 2.5V 



R4 10k 



< 



Vo Master 2.5V Vo_Slave 2.5V 



\ Vcc 




Rload 100 
•— VA — 1 




R3 10k 



U2 



but -3.5E-18A 




Vout -4.4E-16V 



Vcc/2 2.5 



Bias Master and Slave Op Amp around Vcc/2: 
Vo_Master = Vc 
Vo_Master = Vin + (Vcc/2) 
Vo_Master = (Vcc/2) + Vin 

Vo_Slave = 2 • (Vcc/2) - Vo_Master 
Vo_Slave = Vcc - Vo_Master 
Vo_Slave = Vcc - [Vin + (Vcc/2)] 
Vo_Slave = (Vcc/2) - Vin 



Always Check Loop Gain & Compensate for Stability 



Vcc -=- 



I 



Vcc/2 2.5 
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Bridge-Tied-Load (BTL): Vout = +4V 



RFmlOk 
AAA/ 



RIs 10k 
>AAA 



Vin 2 



-2.5V < Vin< +2.5V 




H Vcc/2 



— Vcc 5 



I 



Vcc/2 2.5 



OPA569 POw er Op Amp: 

2.7V to 5.5V supply 

Input voltage range includes Vcc & Gnd 

2A Output Current Capability 

+/-300mV sw ing from rail at +/-2A out 

Input Offset Voltage = +/-2mV max 



Always Check Loop Gain & Compensate for Stability 



\ Vcc/2 



Btl.tsc 
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Parallel Op Amps 



Why Parallel Op Amps? 

Increase Current to Load 
Keep Class AB Output 
Easier than External Devices 



Dual Drive Arrangement for Parallel Op Amps 
Does not Give Accurate VL (voltage at load) 



VS1 1 



O 



R210 
AW 



U1 TLV278XA 



+2 



^ U2TLV278XA 



t+2 



— Vdd2 



I 



AM1 
—3— 



R1 45 



T 

o 



VS21 
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Parallel Op Amps: Master-Slave 



Master/Slave Current Share Mis -Match: 
Lslave error = Vos_U2 / RB2 
Lslave error = -3m/ 3ohms = -1mA 
Expect Lslave to be 1mA less than l_master 



Master-Slave Arrangement for Parallel Op Amps 
Gives Accurate VL (voltage at load) 



I master 11.613523mA 




VL 999.991 353mV 
— C 



SWA 
: RL45 



lout 



lout 22.22203mA 



slave 10.608507mA 



Vo2 1.031817V 
( 



Vcm2 



Slave Amplifier 



Vol sw ing must be w ithin Vcm2 TLV278x_Master-Slave.TSC 

Always Check Loop Gain & Compensate for Stability 
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Parallel Op Amps: Master-Slave 



Master/Slave Circulating Current: 

When no load is present circulating current, Icir, w ill flow between the Master and Slave Amplifier 

due to the Slave offset voltage. 
During fast transients or slew rate limitations output voltages of Master and Slave w ill not track 

resulting in circulating current limited by RB1, RB2. 

Icir = (Slave_Vos) / (RB1 + RB2) 

Icir = 3mV / (3ohms + 3ohms) = 500uA 



I master 500.827423uA 




VL 999.994587mV 



lout 999.994542pA 



slave -500.826423uA 



Vo2 998.4921 07mV 
< 

Vcm2 Slave Amplifier 

vol swing must be within Vcm2 Always Check Loop Gain & Compensate for Stability 
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High Current Cascade Reference Buffer 



High Current Cascade Reference Buffer: 

1) Amplifier 1 provides closed loop accuracy 

2) Amplifier 2 provides high current & unity gain simplifies AC Stability compensation 

3) Single supply demands close swing to rail on Amplifier 1 and Amplifier 2 

R2 10k 

i W\ 1 




R1 10k 



Amplifier 1 



Amplifier 2 



U1 OPA734 



Vref 2.5 — 



I 





Vout 5V 

— c 



High Current Buffer 



Rload 300 



Always Check Loop Gain & Compensate for Stability 
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High Current Cascade Reference Buffer: High Current 
Buffer 



FL11 HI0805R800R 10 




MMBT2222: 

Min Beta @ IC=1 mA is 50 

Use min Beta = 25 for design margin 

Use worst case Vce sat = 0.4V 



MMBT3906: 

Min Beta @ IC=10mA is 100 

Use min Beta = 50 for design margin 

Use worst case Vbe=1V 



lload = 16.67mA 



AM2 17.068166mA 
-CVe 4.36704V 




SW-SPST2 



Vout 5.12045V 



R14 max = (6V - 1 V - 0.4V) / (0.33mA) = 13.93k 
UseR14 = 10k 

Set R1 = 2K to help isolate dual feedback paths to be used for stability 
and isloate op amp high frequency capacitance from op amp Zo. 



C2 22n 



L1 51 Op 



R2 25m 



C3 47u 



L2 510p 



R3 7m 



Rload 300 



Want Vout/Vc close to unity voltage gain. 
This simplifies AC Stability compensation. 

For Vc = 5V, Vb is about 5V and Ve is about 4.3V 
We w ant Vout=5V for Vc=5V to yield G=1 on our Cascade Amplifier 
Ve/R1 4 = 4.35V/1 0k = 0.43mA 
Iset = 0.43mA. We need lb = 0.333mA so If b = 0.1 mA. 
R13 = (5V - 4.35V) / If b = 0.7V / 0.1 mA = 7k 
Use R13 = 6.98k standard value. 



Always Check Loop Gain & Compensate for Stability Cascade 



AmprevATSC 
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High Current Cascade Reference Buffer 




R1 7 49.9k C1 33n 
-AA/V- 1 |— I 



This Design MUST be Properly 
Compensted for Stability !! 



U12 0PA734 AC TG 



OPA734 Cascade Buffer Final. TSC 




FL11 HI0805R800R 10 



_,_ C3 47u 



L2 510p 



R3 7m 



Always Check Loop Gain & compensate tor stability 
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Translation Circuits 



Single-Ended In to Differential Out 
Differential In to Single-Ended Out 
Differential In to Differential Out 



Texas 
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Single-Ended In to Differential Out (SE to Diff) 



Single- Ended In to Differential Out 
RRIO, Single Supply 



U4 OPA364 



-=- Vin1.25 



Note: 

< Vin< Vref 




R8 49.9k 
AAA/ 



R7 49.9k 
-AA/V 



U3 OPA364 



R5 49.9k 



Vref 2.5 — 



I 




4 •■ 



Vo2- 1.250515V 

— c 



Vo_diff -30.494052pV 



Vo2+ 1.250515V 
— ( 



Always Check 



Vo2+ = Vin 
Vo2- =Vref - Vin 

Vo_diff = Vo2+ - Vo2- 
Vo_diff = (Vin) - (Vref - Vin) 
Vo diff = 2 Vin - Vref 



Vin Vo_diff = Vo2+ - Vo2 
-Vref 
Vref +Vref 

Loop Gain & Compensate for Stability 



Vin 


Vo2+ 


Vo2- 


Vo_diff 


OV 


OV 


2.5V 


-2.5V 


1.25V 


1.25V 


1.25V 


OV 


2.5V 


2.5V 


OV 


+2.5V 



m 



■■V\ 
WVTQ 



RRIO SEin DIFFout.TSC 
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Differential In to Single-Ended Out (Diff to SE) 



Dl FF to SE.TSC 



SWC 



SWC 



SWA 



Vin+_w 1.25 Vin+x2.5 — 



/: 



Vin- 1.25V 
— C 



R1 10k 
■AAAr 



R2 10k 



U1 OPA364 



SWB 



SWA /. 

^ _L + _L + 

Vin- w 1.25 — Vin-_x0 _=_ _=_ Vin- y 2.5 

I II" 



R3 10k 
HWV- 



i — i 



I I 



/* SWB 



o 




Vout 2.501028V 
— ( 



Vcc 5 



Vin-(max) =Vin+(max) =Vref 
Vout = Vref - [Vin+ - Vin-] 
0V < Vout < 2-Vref 



— Vref 2.5 



I 



Vin+ 1.25V 
— ( 



-=- Vin+_y 



Vref = +2.5V 




Vin-(max) = Vin+(max) = Vref 


Vin- Vin+ 


Vout 


0V 2.5V 


OV 


1 .25V 1 .25V 


2.5V 


2.5V 0V 


5.0V 



Always Check Loop Gain & Compensate for Stability 
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Differential In to Differential Out (Diff In - Diff Out) 



Teminal Voltage to Vcm + Vdiff/2 Model Conversion 

Converting Terminal Voltages 
Create Vcm + Vdiff/2 Equivalent Model 
Vcm = [Vin+ + Vin-]/ 2 
Vdiff = Vin+ - Vin- 



Vcm = [2.5V + 0V]/2 = 1.25V 
Vdiff = 2.5V - OV = 2.5V 



Terminal Voltages 



Vcm + Vdiff/2 Equivalent Model 




Vin+ 
— C 



Vdiff/2 1 .25 



Convert to 



Vin+ 
— C 



+ 



+ 




— vin- 



Vcm 1.25 -=- 



Vdiff/2 1 .25 



+ 



Vin- 
— C 






Differential In to Differential Out (Diff In - Diff Out) 



SWA 
Vin+ 2.95 



I- 
I 



SWB 



Vin+2.05 1=1 



SWA A SWB 

I _ 

Vin-2.05 — Vin-2.95 — 



I- 
I 



I 



I Teminal Voltage to Vcm + Vdiff/2 Model Converter I 



Vin+ 2.05V 



t 



X 

VCVS1 500m Vcm 2 - 5V 



Vdiff/2 500m 



x<> 



Vin- 2.95V - 

VCVS2 500m 



x<> 



L X Vdiff/2 "450mV 



,_ V -, Vdiff/2 -450mV 

43 



Vdiff/2 500m 



Vcc 

1 



Maximum Gain on Differential Voltage: 
when Vcm = Vcc/2 



Vcc 5 



«^(Vin+_X 2.05V 



CD . 
DC . 



Vin diff -900mV 



,h "C Vin-_X 2.95V 



Vcc 



C3 10n 




Vout+ = Vcm + (Vdiff/2)(G) 
where: G = 1+2(RF/RG) 



U1 OPA374 Vout+ 250.1 69542mV 
-C 



— Wv — 
RF20k 

RF20k 



Vout diff -4.500001V 




Vout- 4.750171V 
C 



U2 OPA374 



Vout- = Vcm - (Vdiff/2)(G) 
where: G = 1 + 2(RF/RG) 



Vcc 



C4 10n 



For this circuit: 

G = 1 +2(RF/RG) 

G = 1 +2(20k/10k) =5 



Vin+ Vin- Vcm Vin_diff Vout+ Vout- Vout_diff 

2.95V 2.05V 2.5V 900mV 4.75V 0.25V +4.5V 

2.5V 2.5V 2.5V 0V 2.5V 2.5V 0V 

2.05V 2.95V 2.5V -900mV 0.25V 4.75V -4.5V 



Q Always Check Loop Gain & Compensate for Stability 



Dl FF in to Dl FF out.TSC 
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Conditioning Circuits 



Full Wave Rectifiers 
Supply Splitter 
Integrator in Feedback 
Isolation Amplifier 
G=+1, G=-1 Amp 
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Full Wave Rectifier: Bipolar Input 



Vin 

4.95Vp 





Biplar Input Single Supply Full Wave Rectifier 
How it works: 

U2 and D1 form an ideal diode since D1 is inside 
feedback of U2. 

Vin>0V: 

D1 is reverse biased and Vin sums into Vin- and Vin+ 
Vout = Vin+ (1+RF/RI) - Vin- (Rf/RI) 
Since RF= Rl and Vin+ = Vin-: 
Vout = 2- Vin- Vin = Vin 

Vin<0V: 

D1 is forward biased and Vin+ is held at Gnd due to 

virtual ground of U2 -input. 
Vin+ = OV 

Vout = Vin+ (1+RF/RI) - Vin- (Rf/RI) 
Since RF= Rl and Vin+ = OV: 
Vout = - Vin 

So negative voltages on Vin get amplified as positive 

Circuit w orks up to voltage sw ing limitations of 
Op Amp output. 



Always Check toop Gain & Compensate for Stability 



Bipolar in FW rectifier.TSC 
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Full Wave Rectifier: Single Supply Input 



Vin- 
> 



Vin_ref 
K 



© 



RI75k 
AAA^ 



RF 75k 
AAA/ — 



Vin 
2.4Vp 



RC75k 
AAA f- 



> 



Vin+ 




U1 OPA364 



C1 100n 



V+ 



D1 1N4148 



Vref 2.5" 




U2 OPA364 



C2 100n 



1_ 



Single Supply mid-ref FW rectifier.TSC 



i 



v+ 



Vout 
< 



v+ 

I- 

I 



V+5 



Always Check Loop Gain & Compensate for Stability 
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PfifiA^J Supply Splitter: Basic Operation & Wrong Noise Filter 



-L VNR 4.060096V 



C1 150u 



-=- Vmain 8 



CNR2 100n 



VG1 IS. 



U1 TLE2426 TG 



NOISE 
REDUCTDN 



220k 




OUT 



SWA 



I 



Vdc5 



COMMON 



CFilt+260u _ 



CFilt-260u - L - 



i — 



T1 RJK005N03 TG 



Rload+ 1 k + 

jO^N/out* 3.939028V 



Va_gnd 4.060972V 

— c 



Rload- 



ik (vT 



A_/ Vout- -4.059366V 



Supply Splitter Wrong.TSC 



Always Check Loop Gain & Compensate for Stability 
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5.00 



VG1 



0.00 
7.39 



VNR 



0.00 
7.69 



Va_gnd 



Vout+ 



0.00 
0.00 



Vout- 



-3.96 



Supply Splitter: Basic Operation & Wrong Noise Filter 



Supply Splitter 
Wrong Noise Filter 



VG1 A:(50m;5) 
VNR A:(50m; 3.701 154) 
Va_gnd A:(50m; 3.70101 1) 
Vout+ A:(50m; 4.298989) 
Vout- A:(50m; -3.697789) 





Asymmetrical Start-Up on Vout+ and Vout- 
Long Start-Up Time & Slow to Steady State 


Time (s) 
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Supply Splitter: Right Noise Filter 



CNR1 100n 



-L VNR 4.060096V 



C1 150u 



-=- Vmain 8 



CNR2 100n 



U1 TLE2426 TG 



NOISE 
REDUCTDN 



220k 



220k 




OUT 



COMMON 



CFilt+260u _ 



CRIt-260u - L - 



VG1 [J-. 



I 



SWA 



Vdc 5 



T1 RJK005N03 TG 



Rload+ 1 k 



Vout+ 3.940048V 



Va_gnd 4.059952V 

— c 



Rload-1k ffij Vout . .4 Q58346V 



Add CNR1 for symmetrical and rapid start-up of Va_gnd 



EE 



Always Check Loop Gain & Compensate for Stability 



Supply Splitter Right.TSC 
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VG1 



0.00 
7.69 



VNR 



0.00 
7.69 



Va_gnd 



0.00 
4.00- 



Vout+ 



0.00 
0.00 



Vout- 



-4.00 



0.00 



Supply Splitter: Right Noise Filter 




Supply Splitter 
Right Noise Filter 



VG1 A:(1.611296m;5) 
VNR A:(1 .611 296m; 4.01 0053) 
Va_gnd A:(1 .61 1296m; 4.01 1204) 
Vout+ A:(1 .61 1296m; 3.988796) 
Vout- A:(1 .61 1296m; -3.993234) 



Note Big difference in Time Scale from Wrong Noise Filter 



2.50m 



5.00 m 



Symmetrical Start-Up on Vout+ and Vout- 
Short Start-Up Time & Fast to Steady State 


Time (s) 


Ja Texas 
▼ Instruments 




Integrator in Feedback: 
High Pass Analysis 



vcc 



vcc 



U5 OPA333 



I 



Vcc 5 
Vref+ 




Vref+ 



I 



Vref 2.5 



| MAAr 

CS1u RS10M 
VCC 



FB#2 



U2 OPA364 



Vin [J~ 

- Vref+ 




Integrator High Pass Analysis: 
FB#1: 

1/Beta approximately RF/RI 

1/Beta FB#1 = 200k/1 k = 200 = 46dB 

FB#2: 

1/Beta is +20dB/decade 
1/Beta = 1or OdB w hen X(CS) = RS 
f(FB#2=0dB) = 1/(2piRSCS) 
f(FB#2=0dB) = 1/(2pi-10M-1uF) = 15.9mHz 

Rot FB#1 and FB#2 on OPA364 Aol: 

Low est 1/Beta w ins to create net 1/Beta and for Vout/Vin 



Vout 2.5V 
1 



nAAA- 



RF 200k 

Always Check Loop Gain & Compensate for Stability 



I ntegrator High Pass Test.TSC 
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Integrator in Feedback: High Pass Analysis 




10 100 
Frequency (Hz) 



1000k 



Texas 

Instruments 




200 
180 
160 
140 
120 
_100 

00 

c 80 
'co 
(D 

60 
40 
20 

-20 
-40 



1m 



Integrator in Feedback: High Pass Analysis 
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Vout/Vin 

With Integrator in Feedback 
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36.66kHz 
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2.8Hz 
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10m 



100m 



10 100 
Frequency (Hz) 



1k 



10k 



100k 



1M 
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Integrator in Feedback: Remove Unwanted DC 



VCC Vref+ 



vcc 



J V45 Jvref2.5 



U5 OPA333 



X 



lambient 1 0u 

CD- 



Q_ 

O 



Iphoto 

5 1 0| 



o 



Photodiode Model 



Vin- 2.500016V l_to_V 3.500018V 

— C r-C 

RF100k 
WV 




U1 OPA381 



VCC 
< Vin+ 2.5V 




— AAA 
RF 200k 



Vref+ 



Vout 2.499316V 

— c 



OPA381_single_HP.TSC 



Always Check Loop Gain & Compensate for Stability 
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Integrator in Feedback: Remove Unwanted DC 



3.505377 



I to V 



3.494658 
50.00n 



Iphoto 



-50.00n 
3.519214 



Vout 



1.498539 



0.00 



+/-5mV 
around 
+3.5V 



2.50m 
Time (s) 



















+/-1V 












around 












+2.5V 










' 











5.00m 
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Isolation Amplifier: Optocoupler Design 




Isolation Amplifer - How it works: 
A1 : Primary Amplifier 

A1 adjusts LED current, IF, and therefore current in PD1 ; 

Ipd1, until A1 "-input" = 0V. 
Ipd1 = Vin / R1 



Transfer Gain (K3): 
Photodiode Current Ratio 
K3 = Ipd2/lpd1 




Isolation Amplifier - How it works: 

Input Photodiode Current Transfer Ratio (K1): 

K1 = Ipd1 / IF 

A2: Secondary Amplifier 

A2 output, Vout, will adjust until PD2 current, Ipd2, across 
R2 forces A2 "-input" = 0V. 

Isolation Amplifier Gain: 
Vout/Vin = K - (R2/R1) 
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Isolation Amplifier 



Vin 1.25V 

R2 100 



■AAA/ 



— V1 1.25 




U2 OPA350 



R3 100k 



U1 OPA350 



Vcc 
Vcc 



Vdd 



VG1 



— VCC 5 



— VDD 3 



I I 



HCNR200 Specifications: 
K3 = 1 .0 typical, 1 .95V max @ F=10mA 
K1 = 0.5% typical, 0.25% min <g> IF=1 0mA 
LED Bandw idth = 9MHz @ IF=10mA 
Application Circuit Bandw idth 

for Isolation AMplifier = 10kHz 
Photodiode Capacitance (Cpd) = 22pF 



Always Check Loop Gain & 
Compensate for 
Stability 



Vo_U2 2.179484V 
i-C IF 2.666758mA 



C2 22p 



C1 22p 




Ipd2 12.504243uA 



LED-C 



R4 240 



IF 

LED-A 



U4 HCNR200 



Vcc 



PD1-C 

IPD1 

PD1-A 



PD2-C 
PD1-A 



Ipd1 12.499968uA 



Design Analysis: 
0V < Vin < 2.5V 

IF = (Vcc - VF- Vsat) / R4 

1 0mA = 5V - 1 .95V - 0.5V) / R4 -> R4 = 255 ohms 

Use R4 = 240 ohms 



For G=1 Isolation Amplifer 
R5 = R3 

Compensate for Photodiode capacitance: 
Set C1 = C2 = 22pF 



R5 100k 
-AAA — 




Vout 1.250424V 

— c 



U3 OPA350 



Vdd 



K1 = 0.25% = 0.0025 
Ipd1 = K1 • IF 

Ipd1 =0.0025 • 10mA =25uA 
Ipd1 =Vin/R3 

25uA = 2.5V / R3 -> R3 = 1 00k 



I solation Op Amp.TSC 
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1.25 



VG1 



-1.25 
2.50 



Vin 



0.00 
2.55 



Vout 



23.85m 



0.00 



Isolation Amplifier 



Isolation Amplifier Transient Analysis 
1kHz Square Wave 



1.00m 
Time (s) 



2.00 m 



Texas 

Instruments 




G=+1,G=-1 
Amp 



SWA Close: 

Vout = Vcc/2 + Vin • (-1) 
Vout = 2.5V + 500mV • (-1 ) = 2.0V 
Vout_ref = -500mV 



Rl 1 00k 

-WV\r- 



RF 1 00k 
AAA/ — 



RC 1 00k 
i — VW 



SWA Open: g=i_g= 
Vout = 2.5V + 500mV • (+1 ) = 3.0V 
Vout ref = +500mV 



— Vin 500m 



1 Final. TSC 




Vout 3.000018V 



V j Vout_ref 500.01 7984mV 



Vout ref = Vout referenced to Vcc/2 



-=- Vcc/2 2.5 



Rl 100k 
AA/V 



RF100k 



Vout 2.000136V 
( 




SWA: 

Use SN74LVC1 G66 



-=- Vcc/2 2.5 



I 



SWA: 

Use SN74LVC1 G66 



V) Vout_ref -499.8641 33mV 



Always Check Loop 
Gain & Compensate 
for Stability 



G=+1, G=-1 Amp 
How it works: 

SWA Close: 

Vout = Vin (-RF/RI) ->G=-1 

H-input is shorted to mid-supply "ground" reference 

SWA Open: 

Vout = Vin (-RF/RI) + Vin (1+ RF/RI) 
Since RF = Rl 
Vout = -Vin + 2-Vin 
Vout = Vin ->G=+1 
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Comparator 



Comparator with Hysteres 
AC Coupled Comparator 
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Comparator with Hysteresis 



Comparator Timing 



VH 



Vcc 



RX 499k 

VTH 1 .498985V 
D 



RY 143k 



Vin 1.75V 



— V1 1.75 



I 



SWA 



— V2 750m 



I 



Vcc 



VL 



RX499k 



VTH 1.007363V 
D 



RY 143k 



Vin 1.75V 



= SWA 

■ V2 750m 



1 * 



Vcc 



RP10k 



RH 1M 

vw- 

Vcc 




Vout 4.965336V 

c 



U1 TLC339 



X 



H Vcc 



Vcc 5 



VCC 



RP10k 



RH 1 M 
VW 



Vcc 




Vout 50.575608mV 
C 



U1 TLC339 



H Vcc 



Vcc 5 



Vin Increasing 




Vcc 



Comparator w Hysteresis.TSC 



Comparator Threshold Calculations: 
(Based on Vout = Push/Pull) 

To minimize effect of asymmetrical output impedance due to RP: 
SetRH>100- RP 



RH 



VL 



RX (VH-VL) 
RY VL 



RX (Vcc - VH) 

Example: Design for VH = 1 .5V, VL= 1 .OV, Vcc = 5V 

1 ) Choose RP = 1 0K to minimize current draw w hen Vout = Low 

2) RH = 10- RP=100- 10k = 1M 

RH VL 

3) — = 

RX (VH-VL) 

1M 1V 

— = > RX = 500k 

RX (1.5V -1.0V) 

Use RX = 499k, standard value 

VL 



RY 
4) — = 



RX (Vcc - VH) 
RY 1 .0V 



->RY = 142.57k 



499k (5.0V -1.5V) 
Use RY = 143k, standard value 




VG1 



750.00m 
1.50 



VTH 



Vin 



750.52m 
4.97 



Vout 



49.80m 



0.00 



Comparator with Hysteresis 



Comparator w Hysteresis_Tran.TSC 




Vin VL:(61 7.341 04u; 1.015318) 
Vin VH:(1. 1271 68m; 1.504335) 



1.50m 
Time (s) 



3.00m 
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AC Coupled Comparator 



Design Goal: 

Single Supply Comparator (Vcc=3.3V) 
AC coupled input 

0-3V or 0-5V Square Waves (2kHz-30MHz) 
No signal -> Vout=0V 



5.00 



VG SW 5Vp 



Vin+ 



Vin- 



AC Couple into Ground Reference 



500.00U 
Time (s) 



AC coupling into Ground Reference point creates 
Negative Voltages in a single supply circuit 



C1 1u 



-Cv 



in+ 








CD 

g 

CL 

w 
DC 



VG SW 5Vp 

2kHz 

to 5Vp 

C2 1u 



R1 1k 



R2 1k 



<Vin- 



Rspice to prevent 
"irregular circuit" 



Ground Reference.TSC 
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AC Coupled Comparator: DC Reference Bias, AC 
Couple 



Cable 



VM1 OV 



Vin 



Vcm 100m 



□ C11u R3 1k 
1 I WV 



i — VA — 
R9 866 



R1 1k 
R2 1k 



C2 1u 



1 

3.3V 



□ 



R4 1k 



Ground mismatch in Signal Source 
vs Conditioning Circuit 



Design Analysis: 

Use Lowest value resistors possible for 30MHz inputs 
Resistors w ill interact w ith comparator parasitic input capcitance 

Set Vin+ to mid-supply bias point 

Set Vin- > mid-supply + Vos to ensure at no signal Vout=0V 
In addition the signal needs to divided dow n w ith R3 to prevent 
negative voltages for 0-5V inputs. 



<Vin+ 1.531511V 



shutdown state: 
output enabled 




R10 50 



Vout 68.11 0471 nV 
C 



3.3V h 



Into FPGA 



Vin- 1.65V 



V2 3.3 



U1 TLV3501 



Design Analysis: 

AC Couple, High pass frequency 

Large capacitors require longer startup time from power-on 
Use 1uFto get high pass of about 159Hz 
For high pass equivalent Cin = 0.5uF, Rin = 2k 



AC comparator DC Bias.TSC 
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AC Coupled Comparator: Transient Test Circuit 



Cable 







VGSW5Vp + 



VM1 



□ C11u R3 1k 
1 I WV 



i — VA 

R9 866 

— CVin+ 1.531511V 



2.5V 



R1 1k 



R2 1k 



t— L 



shutdown state: 
output enabled 



C2 1u 



3.3V 



□ 



HI 



R4 1k 
-AAA/- 



1 




R10 50 
-AAA C 



Vout 68.11 0471 nV 



3.3V h 



Into FPGA 



Vin- 1.65V V2 3.3 



U1 TLV3501 



Vcm2 100m 



AC comparator couple_Square.TSC 
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5.00 



VM1 



0.00 
2.60 



Vin+ 



686.08m 
1.65 



Vin- 



-99.98m 
3.30 



Vout 



0.00 



0.00 



AC Coupled Comparator: 2kHz, 0-5Vp, Vcm = -100mV 




AC Coupled Comparator 
2kHz,0-5Vp 
Transient Analysis 



2.00 m 
Time (s) 



4.00 m 
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AC Coupled Comparator: 30MHz, 0-5Vp, Vcm = -100mV 



5.00 



VM1 



Vin+ 



Vin- 



Vout 



0.00 




AC Coupled Comparator 
30MHz, 0-5Vp 
Transient Analysis 



0.00 



100.00n 
Time (s) 



200. OOn 
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Want More Op Amp Stone Soup? 



TINA-TI is free and waiting for you ! 
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TINA-TI SPICE Simulator 

Unlimited Op Amps 
Unlimited Nodes 

150+ "Canned" Application Circuits 




3.0-1 



VI 1 



VG1 



0.00 



25.00U 
Tirne(s) 




50.00U 



Free Download at: 

http://focus.ti.com/docs/toolsw/folders/print/tina-ti.html 
Or Type "TINA-TI" in Keyword Search 
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